A number of autoimmunity-associated MHC class II proteins interact only weakly with the invariant chain-derived class IIassociated invariant chain peptide (CLIP). CLIP dissociates rapidly from I-A g7 even in the absence of DM, and this property is related to the type 1 diabetes-associated β57 polymorphism. We generated knock-in non-obese diabetic (NOD) mice with a single amino acid change in the CLIP segment of the invariant chain in order to moderately slow CLIP dissociation from I-A g7 . These knock-in mice had a significantly reduced incidence of spontaneous type 1 diabetes and diminished islet infiltration by CD4 T cells, in particular T cells specific for fusion peptides generated by covalent linkage of proteolytic fragments within β cell secretory granules. Rapid CLIP dissociation enhanced the presentation of such extracellular peptides, thus bypassing the conventional MHC class II antigen-processing pathway. Autoimmunity-associated MHC class II polymorphisms therefore not only modify binding of self-peptides, but also alter the biochemistry of peptide acquisition.
Introduction
The MHC locus plays a central role in susceptibility to many human autoimmune diseases, including type 1 diabetes (T1D; Davies et al., 1994; Hu et al., 2015) . In many of these diseases, the strongest association is observed with particular alleles of MHC class II (MHC II) genes, providing strong evidence for a critical role of antigen presentation to CD4 T cells. T1D is an excellent example for this general principle: susceptibility is most closely associated with certain alleles of the DQB1 gene, in particular those encoding HLA-DQ8 (DQB1*03:02) and HLA-DQ2 (DQB1*02:01; Todd et al., 1987; Concannon et al., 2009 ). The DQB1*03:02 and DQB1*02:01 alleles share an important polymorphism: position 57 of the β chain encodes a nonaspartic residue in T1D-associated alleles, but aspartic acid in most other DQB1 alleles. This polymorphism is also relevant for the spontaneous mouse model of T1D in non-obese diabetic (NOD) mice because β57 of I-A g7 is also a nonaspartic acid residue (serine; Acha-Orbea and . Crystal structures of DQ8, DQ2, and I-A g7 have demonstrated that this polymorphic position has a major impact on the charge of the P9 pocket of the peptide binding groove (Corper et al., 2000; Lee et al., 2001; Kim et al., 2004 ). An aspartic acid at β57 forms a salt bridge with arginine 76 of the DQ or I-A α chains, allowing binding of hydrophobic amino acids in the P9 pocket (Brown et al., 1993; Scott et al., 1998) . In contrast, the absence of a negative charge at β57 of DQ8, DQ2, and I-A g7 results in a P9 pocket with a positive charge that has a strong preference for negatively charged peptide side chains (Corper et al., 2000; Lee et al., 2001; Kim et al., 2004) . The major hypothesis for the role of the β57 polymorphism in the pathogenesis of T1D has been that it enables binding of pathogenic peptides (Todd et al., 1987; Quartey-Papafio et al., 1995) . As we will discuss here, the β57 polymorphism also has an impact on the affinity of the invariant chain-derived class II-associated invariant chain peptide (CLIP), and may therefore also modulate the biochemistry of peptide binding.
MHC II proteins associate with the invariant chain in the ER, and this complex is targeted to the endosomal compartment, where the invariant chain is degraded, leaving CLIP in the binding groove (Avva and Cresswell, 1994; Denzin and Cresswell, 1995) . Textbooks state that H2-DM (abbreviated as DM) induces CLIP dissociation and thereby enables binding of peptides generated by proteolysis of exogenous antigens. However, the affinity of CLIP differs by four orders of magnitude among MHC II proteins because many polymorphic residues shape the specificity of the peptide binding groove (Sette et al., 1995) . We previously demonstrated that the diabetes-associated I-A g7 protein binds CLIP with very low affinity, allowing CLIP to rapidly dissociate in a DM-independent manner at an acidic pH characteristic for the endosomal peptide loading compartment (Hausmann et al., 1999) . The low affinity of CLIP for I-A g7 is related to the β57 polymorphism: the hydrophobic P9 anchor of CLIP (methionine) is a poor fit for the positively charged P9 pocket, and substitution of the P9 anchor of CLIP to alanine or aspartic acid increases the affinity of CLIP for I-A g7 . A number of MHC II proteins associated with human autoimmune diseases have been shown to have a low affinity for CLIP (Reed et al., 1997; Patil et al., 2001) . CLIP was also shown to bind with rather low affinity to HLA-DQ8, and peptide elution studies showed that HLA-DQ2 binds CLIP in an unusual alternative register with relatively low affinity (Fallang et al., 2008; Wiesner et al., 2008) . Both HLA-DQ2 and HLA-DQ8 also interact only weakly with DM (Fallang et al., 2008; Zhou et al., 2016) . Rapid CLIP dissociation may enable binding of peptides in compartments that lack DM and may also favor presentation of low-affinity peptides that are not edited by DM. This hypothesis is consistent with data demonstrating that the bound repertoire of peptides has a lower average half-life for I-A g7 compared with other I-A proteins (Carrasco-Marin et al., 1996; Kropshofer et al., 1996) .
These alterations in the biochemistry of peptide binding by I-A g7 may have a significant impact on the pathogenesis of T1D in NOD mice. There is increasing evidence for the importance of unique types of antigens that are released as proteolytic fragments by pancreatic β cells. One of the major identified antigens is the insulin B9-23 peptide, which binds in at least two registers to I-A g7 (Daniel et al., 1995; Mohan et al., 2011) . Proinsulin undergoes proteolytic processing in secretory granules of β cells, and proteolytic fragments containing the insulin B9-23 epitope are present in these secretory granules (Mohan et al., 2010) . Indeed, CD4 T cells specific for the insulin B12-20 peptide (a lower-affinity register) are only activated when APCs are incubated with the peptide, but not the intact protein, suggesting that this peptide binds to I-A g7 on the cell surface or early endosomal compartments of APCs (Mohan et al., 2011) . Also, hybrid insulin peptides (HIPs) were recently reported that result from covalent linkage of proinsulin peptides to other proteolytic fragments in β cells . Thus, both major types of antigens (insulin, HIP) are released as peptides/proteolytic fragments by β cells and do not require (extensive) processing by APCs. Spontaneous dissociation of CLIP from I-A g7 may facilitate presentation of such antigens by creating empty molecules in compartments that lack DM, thus sidestepping DM-mediated editing.
We generated knock-in NOD mice with a single amino acid substitution of CLIP that moderately increased its affinity for I-A g7 . These knock-in mice allowed us to examine the impact of CLIP affinity on the spontaneous development of T1D without changing the binding specificity of I-A g7 . We found that these knock-in mice developed T1D with a lower incidence than control NOD mice, and that T cell infiltration into islets was significantly diminished. MHC II tetramer labeling experiments demonstrated reduced infiltration of islets by HIP-specific CD4 T cells, which was due to reduced presentation of HIP by APCs.
Results
Knock-in mice with a single amino acid substitution of CLIP have a reduced incidence of T1D We generated knock-in mice with a single amino acid substitution of the P9 anchor of CLIP. The methionine to alanine (ATG to GCT) substitution was designed to result in a moderate increase in CLIP affinity for I-A g7 (Fig. 1, A Hausmann et al., 1999) . Peptide binding studies demonstrated very little to no binding of WT CLIP to I-A g7 at pH 5.2, which corresponds to the pH of the endosomal peptide loading compartment. In contrast, binding was clearly detected for I-A g7 with a serine to aspartic acid mutation at position β57 (β S57D), indicating that the disease-associated β57 polymorphism impacts CLIP binding. A single amino acid substitution at the P9 position of CLIP from methionine to alanine (M98A) resulted in a moderate increase of CLIP binding to I-A g7 , while a high-affinity positive control peptide derived from albumin (Alb 560-574) showed strong binding to I-A g7 , as expected ( Fig. 1 C) . These results were consistent with previous peptide binding studies with I-A g7 that demonstrated an IC 50 of >125 µM for WT CLIP, 15 µM for CLIP M98A, and 0.5 µM for CLIP M98D at an acidic pH. Previous work had also demonstrated that CLIP binds to I-A g7 at neutral pH, which is relevant for assembly of I-A g7 with invariant chain in the ER (Hausmann et al., 1999) .
The CLIP M98A mutation was introduced directly into the genome of WT NOD mice by micro-injection of fertilized oocytes with Cas9 mRNA, a guide RNA (gRNA) targeting the invariant chain gene (Cd74) and a single-stranded DNA oligonucleotide for homology-directed repair of the double-strand break introduced by Cas9. A small molecule inhibitor of nonhomologous end joining was also coinjected, which was previously shown to reduce off-target lesions and enhance the efficiency of homology-directed repair (Maruyama et al., 2015) . Furthermore, we used a gRNA with a minimal length of 17 bases, which was shown to greatly diminish the frequency of off-target lesions (Fu et al., 2014) . One founder mouse was obtained with the desired mutation, which was confirmed by DNA sequencing and TaqMan SNP genotyping assay (Fig. 1, D and E) . The heterozygous founder (M98A/WT) was backcrossed three times to WT NOD mice to dilute potential off-target lesions (twofold for each cross except for those located on the same chromosome as Cd74). The three times backcrossed heterozygous mice (M98A/WT) were intercrossed to generate a homozygous M98A/M98A knock-in line (abbreviated as KI in figures) and a homozygous WT/WT (M98A) control line (referred to as control, abbreviated as C in figures); offspring of these two lines were used for all comparisons. We performed a computational analysis of potential off-target sites (Table S1) using the Benchling tool. One intergenic region on chromosome 10 with a single basepair mismatch gave a high off-target score, but sequencing of five M98A/M98A mice showed that this mutation was absent. All other predicted off-target sites had two or three mismatches; three of these off-target sites were located in genes (Tpp2, Hist1h2be, and Mug1), but off-target mutations were not detected at these sites ( Fig. S1 ).
Homozygous knock-in mice were normal in terms of development, appearance, and fertility, and expressed normal levels of CD74, I-A g7 , and DM proteins in splenic APCs (Fig. 1, F-H ). Female M98A/M98A mice developed T1D with a significantly lower Figure 1 . Knock-in mutation in CLIP segment of invariant chain reduces incidence of T1D in NOD mice. (A) P9 pocket of I-A g7 -peptide complex. P9 Met residue of I-A g7 -GAD65 complex (left, PDB accession no. 1ES0) was mutated to Asp (middle) or Ala (right). P9 pocket is shown as a surface colored by electrostatic potential (blue = positive, red = negative). (B) Amino acid sequence of CLIP and CLIP M98A, highlighting the core sequence required for MHC II binding (underlined) and the P9 anchor residue (red). (C) Binding of peptides to soluble I-A g7 WT or βS57D mutant protein. Indicated biotinylated peptides (125-2,000 nM) were incubated with soluble I-A g7 proteins, and bound peptide was quantified by ELI SA for triplicate samples. Mean + SD are shown. (D) sgRNA design used to introduce CLIP M98A mutation in the Cd74 gene. The sgRNA sequence is indicated in red, with arrow highlighting the site of DNA cleavage. (E) Nucleotide sequence of WT and M98A knock-in allele. The introduced mutation (ATG→GCT) is indicated as well as the silent mutation in the PAM (C→A). Chromatograms are shown for WT NOD and M98A/M98A (KI) mice. (F-H) Protein expression level of CD74 (F), I-A g7 (G), and H2-DM (H) by splenic CD45 + I-A g7+ CD11c + CD11b − DCs and CD19 + I-A g7+ B cells. Results are shown as mean ± SD with five to six mice/group. MFI, mean fluorescence intensity. (I) Diabetes incidence in control mice (C; n = 20) and cohoused M98A/M98A mice (KI; n = 20). Control mice were bred from same founders as M98A/M98A mice. Data are representative of two (C and F-H) or three independent experiments (I). Statistical analysis was performed with Mann-Whitney (F-H) or Gehan-Breslow-Wilcoxon test (I).
incidence compared with control mice, and there was also a significant delay in disease development ( Fig. 1 I) . The introduced mutation did not represent a classical loss-of-function mutation, but rather a fairly subtle single amino acid substitution that modestly increased the affinity of CLIP for I-A g7 . Immunofluorescence analysis of tissue sections from the pancreas of 12-wk-old mice showed that a significantly reduced fraction of islets was highly infiltrated by T cells in M98A/M98A compared with control mice (Fig. 2 , A-C; and Fig. S2 ). We further assessed infiltration of islets at an earlier disease stage and found that a lower percentage of islets from 9-wk-old M98A/M98A mice were infiltrated by CD4 + or CD8 + T cells compared with control mice (Fig. 2 D) . Batf3-dependent CD103 + dendritic cells (DCs) have been shown to play an essential role in the development of T1D in NOD mice (Ferris et al., 2014) . The knock-in mutation did not affect the number of islet-infiltrating CD103 + DCs (Fig. 2 , E and F) and also did not change the expression level of I-A g7 , CD80, and CD86 by CD103 + DCs (Fig. 2 G) . Although there was a modest increase in the I-A g7 surface protein level on macrophages in M98A/M98A mice compared with control mice, B cells had similar I-A g7 and CD86 cell surface protein levels in both strains (Fig. 2, H and I) . These results demonstrate that the M98A mutation significantly reduced the fraction of islets that was severely infiltrated by T cells, but did not impair recruitment or the activation state of CD103 + DCs.
Reduced infiltration of islets by T cells specific for HIPs
The very low affinity of CLIP for I-A g7 at an endosomal pH may affect presentation of particular pancreatic β cell antigens to CD4 T cells. We therefore performed a comprehensive analysis of islet-infiltrating CD4 T cell specificities implicated in the disease. A substantial body of work implicated the insulin B9-23 peptide in the pathogenesis of T1D in NOD mice and identified at least two binding registers (InsB12-20 and InsB13-21 peptides; Mohan et al., 2011) . Also, a recent study identified two unusual HIPs formed by covalent cross-linking of proinsulin fragments to other peptides present in β cell secretory granules Wiles et al., 2017) . These peptides contain C-terminal fragments of chromogranin A (2.5HIP, recognized by BDC-2.5 TCR) and islet amyloid polypeptide pro-peptide 2 (6.9HIP, recognized by BDC-6.9 TCR). We performed two-color tetramer labeling to enable analysis of all tetramer-positive cells in islets from individual mice and ensure specificity of binding ( Fig. 3 A) . I-A g7 tetramers loaded with these peptides identified distinct CD4 T cell populations in islets of WT NOD mice, while labeling with the CLIP control tetramer resulted in little background staining. Interestingly, the frequency of CD4 T cells labeled with the 6.9HIP tetramer was greatly diminished in islets from M98A/M98A compared with control mice. 6.9HIP tetramer-positive CD4 T cells were almost undetectable at both 8 and 9 wk in M98A/M98A mice, while they were readily detectable in control mice (Fig. 3, A and B) . At 12 wk, 6.9HIP tetramer-positive CD4 T cells were detected in islets from a fraction of M98A/M98A mice. Nevertheless, the percentage of 6.9HIP tetramer-positive CD4 T cells remained smaller in M98A/ M98A compared with control mice (Fig. 3 B) . The frequency of 2.5HIP-specific CD4 T cells was also reduced in M98A/M98A mice at week 8, but not at weeks 9 or 12, compared with control mice. In contrast, insulin-specific T cells identified with InsB12-20 or InsB13-21 tetramers were present at similar frequencies in both knock-in and control mice (Fig. 3, A and B ).
We also assessed whether changes in CD4 T cell populations could impact CD8 T cell responses to β cell antigens. The numbers of IGRP (islet-specific glucose-6-phosphatase catalytic subunit-related protein)-specific CD8 T cells, but not of insulin B15-23 (InsB15-23)-specific CD8 T cells, were significantly lower in M98A/M98A compared with control mice at 12 wk (Fig. 3, C and D; Wong et al., 1999; Lieberman et al., 2003) . These data demonstrate that the CLIP M98A mutation reduces the accumulation of CD4 and CD8 T cells with particular antigen specificities (2.5HIP, 6.9HIP, and IGRP) in islets, indicating that the affinity of CLIP for I-A g7 has an impact on spontaneous priming of T cell responses to particular β cell antigens. These data are also consistent with the hypothesis that CD4 T cells provide help for the priming/expansion of β cell-specific CD8 T cells.
A subpopulation of insulin B9-23-specific T cells expresses forkhead box P3, while islet-infiltrating HIP tetramer-positive T cells exhibit an inflammatory T helper type 1 cell phenotype We next examined the potential functional properties of tetramer-labeled CD4 T cell populations. A large proportion of CD4 T cells labeled with InsB12-20 or InsB13-21 tetramers expressed forkhead box P3 (FoxP3), a T regulatory cell (T reg cell)-specific transcription factor (Fig. 4, A and B) . In contrast, the majority of CD4 T cells identified with 2.5HIP and 6.9HIP tetramers were negative for FoxP3 staining. In particular, FoxP3 labeling was almost undetectable in CD4 T cells labeled with the 6.9HIP tetramer at week 9 (Fig. 4, A and B ). The proportion of FoxP3-expressing T cells was dependent on epitope specificity (highest for insulin peptides), but not related to the genotype of mice (WT/WT versus M98A/M98A) with the exception of 6.9HIP tetramer + CD4 T cells, for which the percentage of FoxP3-expressing T cells was larger in M98A/M98A compared with control mice at week 12 ( Fig. 4 C) . InsB12-20 tetramer + FoxP3-expressing T cells did not produce IFN-γ upon ex vivo stimulation with PMA and ionomycin, and expressed the T reg cell markers GITR, Helios, and CTLA-4 ( Fig. 4 , D-F). In islets of 9-wk-old NOD mice, the proportion of Ki67 + cells was higher among FoxP3 + than FoxP3 − CD4 T cells, indicating that a higher fraction of T reg cells were proliferating compared with effector CD4 T cells (Fig. S3, A and B ). Moreover, all FoxP3-expressing InsB12-20 and InsB13-21 tetramer + CD4 T cells were Ki67 + , indicating that these β cell-specific T reg cells had a high proliferative capacity in islets at least at this early stage of the disease process (Fig. S3 , A and C).
We next examined which of these β cell antigen-specific CD4 T cells had the capacity to secrete inflammatory cytokines. T cells were isolated from islets of WT NOD mice, and intracellular cytokine staining was performed following ex vivo stimulation with PMA and ionomycin. Larger proportions of 2.5HIP-and 6.9HIP-specific CD4 T cells produced IFN-γ compared with InsB12-20-or InsB13-21-specific CD4 T cell populations (Fig. 5, A and B) . In addition, the percentage of TNF-α-producing cells was also larger for 6.9HIP-than InsB12-20-specific CD4 T cells (Fig. 5, A and B ). The production of these pro-inflammatory cytokines was particularly pronounced for CD4 T cells labeled with the 6.9HIP tetramer. The frequency of IL-2-producing T cells was similar for all peptide-specific populations, and IL-17A-producing cells were not detected for these CD4 T cell specificities (Fig. 5,  A and B) . These results demonstrate that 6.9HIP-and 2.5HIP-specific CD4 T cells exhibit an inflammatory T helper type 1 cell (Th1 cell) phenotype in islets of NOD mice.
We sought to further characterize these CD4 T cell populations by single-cell RNA sequencing (RNA-seq) of islet-infiltrating CD4 T cells labeled with InsB12-20 or 6.9HIP tetramers. Unsupervised clustering of the combined samples partitioned the cells into five clusters (Fig. 6, A and B ). Clusters 1, 2, 3, and 4 expressed Cd3d and Cd4 but not Cd8a genes, confirming that they were CD4 T cells ( Fig. 6 C) . High-level expression of B cellrelated genes in cluster 5 indicated that they represented contaminating B cells ( Fig. S3 D) .
Cluster 2 was enriched for cells with high level of expression of T reg cell signature genes, including Foxp3, Ctla4, Tnfrsf18 (encoding GITR), and Il10. Interestingly, all cells in this T reg cell cluster had been isolated with the InsB12-20 tetramer. In striking contract, CD4 T cells isolated with the 6.9HIP tetramer were absent in this T reg cell cluster, consistent with our functional data ( Fig. 6 , A-C; and Fig. S3 D) . High-level expression of Bcl6 and Cxcr5 genes by cells in cluster 1 indicated that these CD4 T cells represented T follicular helper cells. CD4 T cells in clusters 3 and 4 represented activated cells and proliferating cells, respectively (Fig. 6, A and B; and Fig. S3 D) . These data confirmed our prior findings, which had indicated that 6.9HIP-and InsB12-20-specific CD4 T cells had distinct functional properties and that a significant fraction of InsB12-20 tetramer + CD4 T cells were FoxP3 + T reg cells.
Normal thymic differentiation of β cell-specific CD4 T cells in M98A/M98A mice CD4 T cells are selected in the thymus by weak recognition of self-peptides bound to MHC II proteins. Given that the self-pep-tides responsible for positive selection of any given TCR are not known, it is possible that the altered spectrum of peptides presented on I-A g7 in M98A/M98A mice might affect thymic development of pathogenic CD4 T cells. We therefore examined whether thymic selection of T cells could be altered in M98A/ M98A mice. The fraction of CD4SP or CD8SP thymocytes expressing particular TCR Vβ chains were similar between M98A/ M98A mice and control mice ( Fig. 7 A) . Previous studies showed that CD4 T cells recognizing BDC-2.5 mimotope peptides can be detected by tetramer labeling in the thymus of NOD mice (Jang et al., 2003; Stratmann et al., 2003) . We assessed the frequency of 2.5HIP and 6.9HIP tetramer-positive CD4 single-positive (SP) T cells in the thymus by two-color tetramer labeling. CD4SP T cells labeled with the 2.5HIP tetramer could be clearly detected in the thymus, and such T cells were present at similar frequencies in control and M98A/M98A mice (Fig. 7 , B and C). Also, smaller numbers of CD4SP T cells were identified with the 6.9HIP tetramer, again with similar frequencies between knock-in and control mice. In contrast, labeling with the CLIP control tetramer was low (Fig. 7 , B and C).
We also used two TCR transgenic (Tg) strains to examine the potential impact of the CLIP M98A mutation on thymic selection. BDC-2.5 and 8F10 TCRs recognize 2.5HIP and InsB12-20 Representative examples of tetramer labeling of islet-infiltrating CD4 T cells from 9-wk-old control (C) or M98A/M98A (KI) mice. Two-color tetramer stains (PE and allophycocyanin) are shown for negative control CLIP, 6.9HIP, and 2.5HIP peptides as well as InsB13-21 and InsB12-20 peptides. (B) Summary of tetramer labeling data for islet-infiltrating CD4 T cells (% tetramer + cells of CD4 + cells) from 8-wk-, 9-wk-, and 12-wk-old mice (n = 5-13 mice/group). (C and D) Flow-cytometric analysis of islet-infiltrating CD8 + T cells from 12-wk-old control (C) or M98A/M98A (KI) mice. Two-color tetramer stains (PE and allophycocyanin) with IGRP (8D) control peptide as well as IGRP206-214 and Ins15-23 peptides (n = 8 mice/group). All data represent two independent experiments. Statistical analyses were performed with the Mann-Whitney test; mean + SD are shown.
peptides, respectively (Mohan et al., 2013; Delong et al., 2016) . The frequency and number of CD4SP T cells in the thymus were similar for BDC-2.5 Tg mice on the M98A/M98A or control background (Fig. 7, D and E) . Similarly, the frequency of CD4SP cells in the thymus was similar for 8F10 Tg mice on the M98A/M98A and control background (Fig. 7 , F and G). We also showed that the M98A/M98A mutation did not change the fraction of TCR Tg T cells that expressed endogenous TCR-α chains (due to lack of allelic exclusion at the TCR-α locus) or differentiated into FoxP3-expressing T reg cells ( Fig. S4 ). Taken together, these results suggest that thymic selection of 2.5HIP-and InsB12-20specific CD4 T cells was not altered in M98A/M98A compared with control mice.
Reduced presentation of free peptides but not full-length antigens by DCs from M98A/M98A mice Given that 2.5HIP-and 6.9HIP-specific CD4 T cells were present in similar numbers in the thymus of M98A/M98A compared Representative flow-cytometric analysis of tetramer + CD4 + T cells from pancreatic islets of 9-wk-old NOD mice labeled with FoxP3-specific or isotype control antibodies. (B) Percentage of FoxP3 + cells among islet-infiltrating CD4 + T cells from 9-wk-old NOD mice labeled with four different I-A g7 tetramers (% FoxP3 + of tetramer + CD4 + T cells; n = 8 mice/group). (C) Analysis of FoxP3 labeling for tetramer + CD4 T cells from islets of control mice (C) or M98A/M98A mice (KI) at 9 wk or 12 wk of age (n = 7 to 11 mice/group). (D) Percentage of IFN-γ + cells among tetramer + FoxP3 + CD4 T cells from islets of 9-wk-old NOD mice. Cells were stimulated with PMA and ionomycin and stained with IFN-γ antibody (n = 4-5 mice/group). (E) Representative flow-cytometric analysis of GITR, Helios, and CTLA-4 expression in InsB12-20-labeled FoxP3 + CD4 + T cells from pancreatic islets of 9-wk-old NOD mice. Cell surface GITR and intracellular Helios as well as CTLA-4 were examined. (F) Summary plots of GITR + , Helios + , or CTLA-4 + cells for InsB12-20-labeled FoxP3 + CD4 + T cells (n = 6 to 12 mice/group). Statistical analyses were performed with the one-way ANO VA test (B) and the Mann-Whitney test (C), mean + SD (B-D), or mean -SD (F) are shown (*, 0.01 ≤ P < 0.05; **, 0.001 ≤ P < 0.01). Data represent two independent experiments.
with control mice, we hypothesized that the CLIP M98A mutation may impact presentation of these peptides to CD4 T cells in pancreatic lymph nodes. The 2.5HIP peptide is recognized by the BDC-2.5 TCR, which provided an opportunity to interrogate antigen presentation to T cells with this specificity in pancreatic lymph nodes. Proliferation of BDC-2.5 CD4 T cells was assessed by adoptive transfer of CFSE-labeled BDC-2.5 TCR Tg CD4 T cells to M98A/M98A or control mice. We observed reduced levels of CFSE dilution by BDC-2.5 T cells in pancreatic lymph nodes of M98A/M98A compared with control mice. As expected, there was little proliferation of these T cells in nondraining lymph nodes (Fig. 8, A and B) .
We next assessed antigen presentation to BDC-2.5 CD4 T cells by co-culture with bone marrow-derived DCs (BM-DCs), using graded numbers of freshly isolated islet cells as the antigen source. Proliferation of BDC-2.5 T cells was reduced in co-cultures with DCs from M98A/M98A compared with control mice; such a difference was not observed when large numbers of islet cells were added to the co-cultures ( Fig. 8 C) . Similar results were obtained when supernatants of islet cell cultures, rather than islet cells, were used as the source of antigen (Fig. 8 , D and E). Diminished proliferation of BDC-2.5 T cells was also induced by DCs from M98A/M98A compared with control mice in the presence of 2.5HIP peptide, indicating that presentation of soluble extracellular peptides was reduced by the CLIP M98A mutation ( Fig. 8 , F-H). Likewise, DCs from M98A/M98A mice presented 6.9HIP peptide less efficiently than DCs from control mice to CD4 T cells from 6.9HIP-immunized mice (Fig. 8 I) . The 2.5HIP peptide and 6.9HIP peptide are generated by fusion of two proteolytic fragments in β cells, and it is likely that both 2.5HIP and 6.9HIP fusion peptides are released by β cells at low concentrations. The in vivo and in vitro studies described above indicated that presentation of such peptides is reduced by the CLIP M98A mutation, presumably because the M98A mutation diminished spontaneous dissociation of CLIP from I-A g7 . We also observed that stimulation of T cell hybridomas by InsB12-20 or InsB13-21 peptides was diminished in co-cultures with splenic DCs from M98A/M98A compared with control mice (Fig. 8, J and K) .
Nevertheless, M98A/M98A mice were able to mount normal CD4 + T cell responses when immunized with exogenous fulllength proteins, OVA, and hen egg lysozyme (HEL; Fig. 9 A) . DCs from M98A/M98A mice or control mice were co-cultured with CD4 + T cells in the presence of soluble peptides (OVA323-339 peptide or HEL11-27) or full-length proteins (OVA protein or HEL protein). This comparison demonstrated that full-length antigens were presented with similar efficiency by DCs from control and M98A/M98A mice. In striking contrast, CD4 T cell responses to both synthetic peptides were substantially diminished when these were presented by DCs from M98A/M98A compared with control mice (Fig. 9 , B-D). These in vitro and in vivo studies sup- port our conclusion that APCs from M98A/M98A mice have a normal capacity to present full-length antigens. However, they present soluble peptides at a reduced level to CD4 T cells compared with APCs from WT NOD mice.
DCs fixed with a low concentration of paraformaldehyde presented soluble 2.5HIP or InsB12-20 peptide, but not full-length HEL protein, to CD4 T cells ( Fig. 10, A-D) . Furthermore, CD4 T cell responses to both synthetic peptides were reduced when presented by fixed DCs from M98A/M98A compared with control mice (Fig. 10, A-C) . In addition, DCs in which protein synthesis was inhibited with cycloheximide presented 2.5HIP peptide to CD4 T cells, suggesting that newly synthesized I-A g7 was not essential for 2.5HIP peptide presentation (Fig. 10 E) . Also, the 2.5HIP peptide was presented at a lower level by DCs from M98A/ M98A compared with control mice when DCs were been treated with cycloheximide. These results demonstrate that rapid CLIP dissociation from I-A g7 favors an aberrant antigen presentation pathway that does not require intracellular antigen processing.
Discussion
The autoimmunity field has long pursued the hypothesis that disease-associated MHC II polymorphisms increase the risk of autoimmunity by enabling presentation of pathogenic peptides to CD4 T cells. However, such MHC II polymorphisms may also affect the interaction with the invariant chain or DM. The invariant chain-derived CLIP dissociates rapidly from I-A g7 even in the absence of DM, due to a poor fit of the hydrophobic P9 side chain of CLIP (M98) for the positively charged P9 pocket of I-A g7 (Hausmann et al., 1999) . We introduced a fairly subtle mutation (methionine to alanine) at this position of the invariant chain gene-without mutating the peptide binding groove of I-A g7 -and found that it provided significant protection from spontaneous T1D in NOD mice. Comprehensive analysis of islet-infiltrating CD4 T cell populations with MHC II tetramers demonstrated reduced infiltration by HIP tetramer-positive CD4 T cells that recognize hybrid fusion peptides (2.5HIP and 6.9HIP). There is significant evidence for an aberrant antigen presentation mechanism in T1D: insulin and HIP peptides are generated in secretory granules of β cells and released into the extracellular space, enabling binding to MHC II proteins by tissue-resident APCs without further proteolytic processing (Mohan et al., 2011; Delong et al., 2016; Wiles et al., 2017) . We hypothesize that spontaneous release of CLIP from I-A g7 creates empty molecules that bind such extracellular peptides on the cell surface or in early endosomes, rather than through the classical MHC II presentation pathway in which DM edits the MHC II-bound peptide repertoire. As part of this study, we performed a comprehensive analysis of islet-infiltrating CD4 T cells with MHC II tetramers. This was enabled by recent advances in the field, including the identification of insulin B9-23 binding registers for I-A g7 and the recent discovery of hybrid fusion peptides recognized by BDC-2.5 and BDC-6.9 TCRs (Mohan et al., 2011; Delong et al., 2016) . We found that the CLIP M98A mutation reduced the frequency of CD4 T cells specific for HIPs, in particular 6.9HIP. In contrast, we observed no difference in the frequency of islet-infiltrating insulin B9-23-specific T cells. These results are most likely explained by large differences in protein and peptide abundance. Insulin is by far the most abundant protein synthesized by β cells, and proteolytic fragments containing the insulin B9-23 epitope are generated in β cell secretory granules as previously shown by labeling with an insulin B9-23-specific antibody (Mohan et al., 2010) . In contrast, hybrid fusion peptides are created when two proteolytic fragments are covalently linked by a protease (Berkers et al., 2009) . Such hybrid peptides have been identified as CD8 T cell epitopes, but mass spectrometry analyses demonstrated that they were present in very small quantities (Vigneron et al., 2004) . The generation of such hybrid fusion peptides is energetically unfavorable and also requires precise joining of two proteolytic fragments in the presence of competing peptide fragments. The C-terminal fragment of 6.9HIP originates from islet amyloid polypeptide, which is present at a level of ∼1% compared with insulin (Krizhanovskii et al., 2017) . It therefore appears likely that hybrid fusion peptides are produced by β cells in small quantities. The M98A mutation may have a quantitative impact on the presentation of peptides present at low quantities in the extracellular space, but not for peptides released in larger quantities.
MHC II tetramer labeling also enabled detailed characterization of the functional properties of these T cell populations. Genetic studies have implicated both insulin and chromogranin A (encoding the C-terminal component of 2.5HIP) as important antigens for CD4 T cells, and it is quite possible that more than one antigen contributes to the disease, in particular at later 
T cells. CFSE-labeled CD4 + T cells from BDC-2.Tg mice
were cultured with DCs from control (C) or M98A/M98A (KI) mice. Soluble 2.5HIP peptide was added at the indicated concentrations; 6.9HIP peptide (7 nM) served as a negative control. On day 3, cells were analyzed for CFSE dilution (F and G). Supernatants were analyzed by ELI SA for IFN-γ (H). (I) DCs from control (C) or M98A/M98A (KI) mice were cultured with CD4 + T cells harvested from draining lymph nodes (dLNs) of WT NOD mice immunized with 6.9HIP peptide. Indicated concentrations of 6.9HIP peptide were added to the co-culture. IFN-γ production was examined by ELI SPOT assay. (J and K) Hybridomas specific for InsB12-20 peptide (8F10; J) or InsB13-21 peptide (11T3; K) were cultured with splenic DCs from control (C) or M98A/M98A (KI) mice. Indicated concentrations of InsB12-20 peptide (J) or InsB13-21 peptide (K) were added to the culture. On day 3, supernatants were analyzed by ELI SA for secreted IL-2. Data representative of two independent experiments. n = 4 samples/group in C, E, and G-K. Statistical analyses were performed with the Mann-Whitney test. Mean and SD (B and H-K), mean − SD (C), or mean ± SD (E and G) are shown (*, P = 0.01-0.05).
stages (Nakayama et al., 2005; Baker et al., 2016) . Intracellular cytokine staining demonstrated that a large fraction of 2.5HIPand 6.9HIP-specific T cells had a pro-inflammatory phenotype characterized by IFN-γ and TNF-α production. In contrast, a smaller fraction of CD4 T cells labeled by InsB12-20 or InsB13-21 tetramers produced IFN-γ. Surprisingly, a substantial fraction of insulin-specific T cells was positive for FoxP3. The T reg cell phenotype of insulin-specific T cells was confirmed by flow cytometry using classical T reg cell markers. Also, single-cell RNA-seq analysis demonstrated a distinct population of insulin-specific CD4 T cells with a T reg cell gene expression signature. These results demonstrate that islet-infiltrating CD4 T cells with different antigen specificities have distinct functional properties. The two HIPs represent "neoantigens" resulting from peptide fusion within islets, and T cells specific for these peptides are biased toward a pro-inflammatory phenotype. It is important to keep in mind that these studies were performed in mice at a relatively early time point in the disease process (8-12 wk of age), and that the functional composition of each of these tetramer-positive populations may change during disease progression.
Previous studies demonstrated that CD4 T cells specific for the InsB12-20 register escape negative selection because the peptide is bound by I-A g7 with low affinity. In contrast, it was proposed that InsB13-21-specific T cells are removed by negative selection due to a higher binding affinity of this peptide register for I-A g7 . This conclusion was based on immunization with synthetic peptides in complete Freund's adjuvant: T cell responses were detected by ELI SPOT following immunization with InsB12-20 but not InsB13-21 peptides (Mohan et al., 2011) . However, this issue had not been addressed by tetramer labeling due to technical challenges involved in the generation of these reagents. We performed two-color tetramer labeling experiments of islet-infiltrating CD4 T cells and identified distinct CD4 T cell populations that were labeled by either the InsB12-20 or the InsB13-21 tetramer, thus confirming that there are at least two relevant registers of the insulin B9-23 peptide. It is possible that a small subpopulation of InsB13-21 CD4 T cells escaped negative selection, for example due to a lower TCR affinity. Within islets, insulin-specific CD4 T cells were highly proliferative, as shown by Ki67 staining, which could explain how small numbers of T cells that escaped negative selection accumulated within islets. Another previously reported register of the insulin B9-23 peptide was not investigated as part of this study (Crawford et al., 2011) .
Finally, autoimmune diseases are caused by polymorphisms that can have rather subtle effects on immune function. However, genetic studies in mouse models are frequently based on mutations that eliminate entire cell populations or critical immune molecules/pathways. An increasingly sophisticated understanding of autoimmunity will require a more in-depth understand- ing of how subtle changes in immune function impact the risk for autoimmunity.
Materials and methods
Mice NOD/ShiLtJ (NOD) and NOD.Cg-Tg (TcraBDC2.5,TcrbBDC2.5)-1Doi/DoiJ (BDC-2.5) mice were obtained from The Jackson Laboratory. 8F10 Tg mice were provided from E.R. Unanue (Washington University, St. Louis, MO; Mohan et al., 2013) . All mouse experiments were approved by the Institutional Care and Use Committee of the Dana-Farber Cancer Institute (protocol no. 04-103).
Generation of invariant chain knock-in mice
Zygote injections with nonhomologous end joining inhibitor were performed as previously described with minor modifications (Maruyama et al., 2015) . Super-ovulated female NOD mice, 5-6 wk of age, were mated to NOD stud males. Fertilized zygotes were collected from oviducts and cultured briefly in KSOM with amino acids at 37°C and 6% CO 2 . Cas9 mRNA (100 ng/ml), single guide RNA (sgRNA): 5'-AAG GAG CAT GTT ATC CAT GG-3' (50 ng/ ml; Life Technologies), repair template DNA: 5'-CCT CCC TGT CCC ACA GCT GCC AAA CCT GTG AGC CAG ATG CGG ATG GCT ACT CCC TTG CTG GCT CGT CCA ATG TCA ATG GAT AAC ATG CTC CTT GGG GTA AGG AAG GCG GCA GGA AGG AAA TGG TAG CTG GTG TTTG-3' (100 ng/ml; Integrated DNA Technologies), and Scr7 pyrazine (1 mM; Sig-ma-Aldrich) were mixed and microinjected into the cytoplasm of zygotes at the pronuclear stage (24 h after human chorionic gonadotropin). The injected zygotes were surgically transferred into pseudo-pregnant female ICR mice without further culturing. 2 out of 13 pups were correctly targeted on one allele (8% homologous recombination efficiency). Only one out of the two mice had the knock-in allele in the germline. The generated heterozygote founder mouse was backcrossed to NOD WT mice three times and then intercrossed to generate M98A/M98A and control breeding lines. M98A/M98A mice were cohoused with control WT/WT mice after weaning until used in experiments. BDC-2.5 Tg M98A/M98A and 8F10 Tg M98A/M98A mice were generated by intercrossing M98A/M98A mice with BDC-2.5 Tg mice and 8F10 Tg mice, respectively. Female mice were used for experiments unless otherwise stated. Genotyping was performed with Custom TaqMan SNP Genotyping Assays (Applied Biosystems; primer pair spanning mutation site in the Cd74 gene: 5'-TCC CTT GGA CCT GGA CTC AT-3' and 5'-GGC ACC GTT CGA TTG ATG TG-3'; WT-and M98A-specific probes: 5'-TTG CTG ATG CGT CCA-3' [WT reporter dye: VIC] and 5'-TTG CTG GCT CGT CCA-3' [M98A reporter dye: FAM]). Briefly, 100 ng/well of genomic DNA was used as a template and amplified with the TaqMan SNP genotyping assay and the AmpliTaq Gold 360 Master Mix (Thermo Fisher Scientific). PCR was performed using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with the following conditions: 95°C 10 min, followed by 40 cycles of 98°C 10 s, 64°C 30 s, and 72°C 30 s (plate reading), followed by a final 5-min extension at 72°C. Expression of I-A g7 and I-A g7 S57D mutant proteins Soluble I-A g7 proteins were produced using a baculovirus expression system as previously described (Jang et al., 2003) . Proteins were purified by affinity chromatography using mAb 10-2.16 and gel filtration chromatography. Codon β57S was mutated by site-directed mutagenesis to produce the I-A g7 β S57D mutant.
Peptide binding assay
The linker connecting CLIP to the N-terminus of the I-Aβ chain of purified I-A g7 or I-A g7 β S57D was digested with thrombin to enable exchange of CLIP with test peptides. I-A g7 or I-A g7 βS57D (0.15 mg/ml) were incubated in Tris-buffered saline (TBS) with 20 U of thrombin per milligram of I-A g7 . Thrombin-digested I-A g7 or I-A g7 β S57D (150 nM) was incubated with biotinylated test peptide (0, 125, 250, 500, 1,000, and 2,000 nM) at 37°C for 18 h in a final volume of 160 µl. The buffer was 50 mM sodium citrate/50 mM sodium phosphate/100 mM NaCl, pH 5.2, containing protease inhibitor cocktail (Sigma-Aldrich). In parallel, a DEL FIA yellow 96-well plate (PerkinElmer) was coated overnight at 4°C with 100 µl of 0.4 µg/well OX-6 mAb in 0.1 M sodium bicarbonate buffer, pH 9.6. Nonspecific binding sites were blocked with DEL FIA Assay Buffer (PerkinElmer) for 2 h at room temperature. Wells were washed three times with TBS-Tween, and I-A g7 -peptide samples were added to the wells. After a 1-h incubation, wells were washed four times with TBS-Tween, and europium-labeled streptavidin (PerkinElmer) was added (1:2,000 in DEL FIA Assay Buffer, 100 µl/well) for detection of I-A g7 -bound biotinylated peptide. After 1 h incubation at room temperature, wells were washed six times with TBS-Tween, and DEL FIA enhancement solution (PerkinElmer) was added. Fluorescence was quantitated after 30 min in an EnVision Multimode Plate Reader (PerkinElmer). Samples were analyzed in triplicate. Sequences of test peptides (with C-terminal biotin) were as follows: CLIP WT, VSQ MRM ATP LLM RPM(K-biotin); CLIP M98A, VSQ MRM ATP LLA RPM(K-biotin); and MSA, KAT AEQ LKT VMD DFA(K-biotin). Peptides were synthesized by 21st Century Biochemicals.
Analysis of potential off-target regions
Potential off-target regions were identified using the Benchling program (benchling.com). Guide parameters were set as follows: guide length, 17 bp; genome, NOD SHI LTJ_B37 or NOD SHI LTJ_B38; PAM, NGG; and query sequence, AAG GAG CAT GTT ATC CAT GG. Four potential off-target sites were analyzed by extracting genomic DNAs from one control NOD mouse and five M98A/ M98A knock-in mice. The knock-in target region of Cd74 gene and the selected potential off-target regions were amplified by PCR using primers: 5'-CAC ATG TCC CAC CAT GTG TT-3' (position 30016614 forward), 5'-TGG CCA ATT CAT ACC AGA AA-3' (position 30016614 reverse), 5'-TGT TTC CAT GCT TTC TGT GC-3' (Tpp2 forward), 5'-TGC TTA GCC GTG TAT CAC CA-3' (Tpp2 reverse), 5'-TGG TGA AAG CGA AGT GAC AA-3' (Hist1h2be forward), 5'-ATC ATT CGT GCA AAT GCG TA-3' (Hist1h2be reverse), 5'-TGA AGC TCC ACT GTG GGT AA-3' (Mug1 forward), 5'-GGC ACA AAG AAG CAG AAT CC-3' (Mug1 reverse), 5'-TCC CTT GGA CCT GGA CTC AT-3' (Cd74 forward), and 5'-GGC ACC GTT CGA TTG ATG TG-3' (Cd74 reverse). The PCR reactions for the Cd74 region were performed using the Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs) with the following conditions: 98°C 30 s, followed by 35 cycles of 98°C 5 s, 68°C 10 s, and 72°C 20 s, followed by a final 2-min extension at 72°C. The PCR reactions for potential off-target regions were performed using the Phusion High-Fidelity DNA Polymerase (New England Biolabs) with the following conditions: 98°C for 30 s, followed by 35 cycles of 98°C for 10 s, 64°C for 30 s, and 72°C for 30 s, followed by a final 5-min extension at 72°C. PCR products were purified from agarose gels using the Zymoclean Gel DNA Recovery Kit (Zymo Research) followed by Sanger sequencing using primers used for PCR amplification of the gene segments.
Diabetes monitoring
Blood glucose levels were monitored weekly. Blood was collected from the tail vein and analyzed with Contour nextEZ (Bayer). Mice were considered diabetic after two consecutive glucose readings of >250 mg/dl.
Immunofluorescence analysis of frozen sections
Pancreas tissue samples were embedded in optimal cutting temperature compound and frozen in isopentane cooled with liquid nitrogen. Frozen tissue was stored at −80°C until sectioning. Sections (8 µm) were generated using a Cryotome cryostat (Thermo Fisher Scientific) cooled to −20°C. Sections were placed on Superfrost glass slides, fixed with methanol at −20°C for 10 min, air dried, rinsed twice with PBS, and blocked with 2% rat serum in PBS for 5 min. Sections were stained for 10 min at 4°C with anti-SEZ6L2/BSRP-A (11 µg/ml, a marker for pancreatic islet cells), Alexa Fluor 488-conjugated anti-CD4 (1 µg/ml), Alexa Fluor 647-conjugated anti-CD8 (1 µg/ml), and DAPI (25 µg/ml). Sections were washed twice with PBS/2% rat serum and stained with Cy3-conjugated goat anti-sheep IgG antibody (5 µg/ml) for 10 min at 4°C to detect bound SEZ6L2/BSRP-A antibodies. Images were obtained using a Leica SP5X laser scanning confocal microscope (objective lens magnification: 40×) at room temperature. Images were acquired and analyzed with Leica Application Suite software.
Grading of T cell infiltration into pancreatic islets
All islets on a section were evaluated and graded for the extent of T cell infiltration as follows: 0, no infiltration of CD4 + T cells or CD8 + T cells; 1, CD4 + T cells or CD8 + T cells contacting islet perimeter, but not penetrating into islets; 2, penetration of CD4 + T cells or CD8 + T cells into ≤25% of islet mass; 3, penetration of CD4 + T cells or CD8 + T cells into ≤75% of islet mass; and 4, penetration of CD4 + T cells or CD8 + T cells into >75% of islet mass. 27-107 islets per mouse were analyzed.
Islet isolation and dissociation
The pancreatic duct was injected under a stereomicroscope with 2.5 ml of collagenase P (0.8 mg/ml in Hanks' balanced salt solution). The pancreatic tissue was then dissected and incubated at 37°C for 10 min for enzymatic tissue dissociation. Tubes were then shaken for 10 s, and the tissue was washed once with PBS plus 2% FBS and passed through a stainless mesh to remove undigested tissue fragments. The cell suspension containing the islets was then layered onto Histopaque-1077, followed by centrifuga-tion for 13 min at 2,400 rpm (1,346 g) without braking at the end of the spin. The interface containing islets was aspirated, and collected islets were washed and handpicked under a stereomicroscope. Handpicking of islets was repeated to ensure purity of the preparation. Islets were dissociated into single cells by incubation with Cell Dissociation Buffer (enzyme free, EDTA based; Thermo Fisher Scientific) for 5 min on ice and intermittent pipetting. Islets from each individual mouse were pooled and analyzed by flow cytometry. For in vitro T cell proliferation assays, islets were dissociated into single cells by incubation with prewarmed trypsin-EDTA (0.25%; Thermo Fisher Scientific) for 5 min at 37°C and intermittent pipetting.
Generation of tetramers I-A g7 /CLIP complexes with a C-terminal BirA site on the I-Aα chain were biotinylated with BirA enzyme. The linker connecting CLIP to the N-terminus of the I-Aβ chain was digested with thrombin to enable exchange of CLIP with peptides of interest. 2.5HIP and 6.9HIP were synthesized with a C-terminal epitope tag (dansyl) to enable affinity purification of the final I-A g7 -peptide complex. Peptide sequences were 2.5HIP DLQ TLA LWS RMD QLA(K-dansyl)-amide, and 6.9HIP DLQ TLA LNA ARD PNR(K-dansyl)-amide. Peptide exchange reactions were performed using 0.2 mg/ml of I-A g7 and 50 µM peptide at pH 6.0 and 25°C for 18 h. Free peptide was then removed using a Superose 12 HPLC gel filtration column, followed by anti-dansyl affinity chromatography to isolate stoichiometric complexes of I-A g7 and the relevant peptide. I-A g7 -CLIP complexes were used as controls without cleavage of the linker (to prevent CLIP dissociation and protein aggregation).
Tetramer staining
Peptide-MHC tetramers were generated by incubating PE-conjugated or allophycocyanin-conjugated streptavidin with biotinylated-peptide I-A g7 -peptide monomers at a ratio of 4:1 for 1 h at 4°C. Islet-infiltrating CD4 T cells from individual mice were labeled with 10 µg/ml of PE-conjugated InsB12-20 tetramer plus allophycocyanin-conjugated InsB13-21 tetramer, or PE-conjugated 2.5HIP tetramer plus allophycocyanin-conjugated 6.9HIP tetramer for 1 h at room temperature. Cells were then stained with Brilliant Violet 650 anti-CD4 (RM4-5), Brilliant Violet 510 anti-CD8α (53-6.7), PerCP/Cy5.5-conjgated markers for dump channel (anti-CD11b [M1/70], anti-CD11c [N418], anti-F4/80 [BM8], anti-NKp46 [29A1.4], anti-Gr-1 [Ly6C/G], and B220) and Zombie UV (dead cell marker; Biolegend). Cells were then fixed, permeabilized, and stained with Brilliant Violet 421 anti-Ki67 (16A8), and Alexa Fluor 488 anti-FoxP3 (MF-14). PerCP/ Cy5.5-conjugated dump marker-negative, Zombie UV-negative, CD8-negative, CD4-positive cells were gated and examined for tetramer labeling.
Islet-infiltrating CD8 T cells from individual mice were labeled with 20 µg/ml of PE-conjugated Ins15-23 tetramer plus allophycocyanin-conjugated IGRP206-214 tetramer for 1.5 h at room temperature. Cells were stained with Brilliant Violet 650 anti-CD8α (53-6.7), PerCP/Cy5.5-conjgated dump channel markers (anti-CD11b [M1/70], anti-CD11c [N418], anti-F4/80 [BM8], anti-NKp46 [29A1.4], anti-Gr-1 [Ly6C/G], anti-CD4 [GK1.5], and B220) and Zombie UV (dead cell marker; Biolegend). PerCP/ Cy5.5-conjugated dump marker-negative, Zombie UV-negative, CD8-positive cells were gated and examined for tetramer labeling. H2-Kb tetramers were generated by the National Institutes of Health tetramer facility using the following peptides: IGRP VYL KTN VFL, IGRP(8D) VYL KTN VDL, and Ins15-23 LYL VCG ERL (leucine at P9 position).
Intracellular staining
After tetramer staining, cells were stimulated with Cell Stimulation Cocktail (plus protein transport inhibitors; eBioscience) for 2.5 h, and then labeled with Brilliant Violet 650 anti-CD4, Brilliant Violet 510 anti-CD8, PerCP/Cy5.5 dump channel markers (anti-CD11b, PerCP/Cy5.5 anti-CD11c, PerCP/Cy5.5 anti-F4/80, PerCP/Cy5.5 anti-NKp46, PerCP/Cy5.5 anti-Gr-1, and PerCP/ Cy5.5 anti-B220), and Zombie UV and fixed and permeabilized using BD Cytofix/Cytoperm (BD Bioscience), followed by Alexa Fluor 700 anti-IL-17A, Brilliant Violet 421 anti-IFN-γ, PE/Cy7 anti-TNF-α, and FITC anti-IL-2 staining. When FoxP3 (FITC-conjugated) was analyzed, cells were fixed and permeabilized with transcription factor staining buffer set (eBiosciences). When Helios and CTLA-4 expression in FoxP3 + T cells was examined, cells were fixed and permeabilized with a FoxP3/transcription factor staining buffer set (eBiosciences).
Antibodies
The following mAbs were used for flow cytometry (purchased from BioLegend unless indicated otherwise). Brilliant Violet 650 anti-CD4 (RM4-5), Brilliant Violet 510 anti-CD8α (53-6.7), Brilliant Violet 421 anti-Ki67 (16A8), and Alexa Fluor 488 anti-FoxP3 (MF-14) were used for experiments of tetramer-labeled cells. Brilliant Violet 421 anti-CD4 (RM4-5), Brilliant Violet 510 anti-CD8α (53-6.7), Alexa Fluor 700 anti-IL-17A (TC11-18H10.1), Brilliant Violet 421 anti-IFN-γ (XMG1.2), PE/Cy7 anti-TNF-α (MP6-XT22), and FITC anti-IL-2 (JES6-5H4) were used for experiments to analyze cytokine-producing cells. In these two experiments, PerCP/Cy5.5-conjgated anti-CD11b (M1/70), anti-CD11c (N418), anti-F4/80 (BM8), anti-NKp46 (29A1.4), anti-Gr-1 (Ly-6C/G), and B220 were used for the dump channel. Brilliant Violet 510 anti-CD45 (30-F11), PE/Cy7 anti-CD11c (N418), FITC anti-rat RT1B (OX-6), allophycocyanin/Cy7 anti-F4/80 (BM8), Brilliant Violet 421 anti-CD103 (2E7), Brilliant Violet 650 anti-CD80 (16-10A1), Alexa Fluor 700 anti-CD86 (GL-1), Brilliant Violet 785 anti-CD11b (M1/70), and PE anti-CD19 (1D3) were used for analyses of APCs in islets. Anti-H2-M (2E5A), FITC anti-rat IgG1 antibody (RG11/39.4), PE anti-rat RT1B (OX-6), allophycocyanin anti-CD19 (1D3), Alexa Fluor 700 anti-CD11b (M1/70), allophycocyanin/Cy7 anti-F4/80 (BM8), Brilliant Violet 510 anti-CD45 (30-F11), Brilliant Violet 650 anti-CD74 (In-1), Brilliant Violet 421 anti-CD103 (2E7), and Brilliant Violet 785 anti-CD11c (N418) were used for analyses of splenic APCs. Brilliant Violet 421 anti-CD4 (RM4-5), Brilliant Violet 510 anti-CD8α (53-6.7), FITC anti-Vα2 TCR (B20.1), FITC anti-Vα3.2 TCR (RR3-16), FITC anti-Vα8.3 TCR (B21.14), allophycocyanin anti-FoxP3 (FJK-16s), and PE anti-Vβ4TCR (KT4) or PE anti-Vβ8.1/8.2 TCR (MR5-2) were used for staining of thymocytes. Brilliant Violet 650 anti-CD4 (RM4-5), Brilliant Violet 510 anti-CD8α (53-6.7), FITC anti-Vβ2 TCR (B20.6), FITC anti-Vβ14 TCR (14-2; BD Biosciences), allophycocyanin anti-Vβ10 TCR (8.48), Alexa Fluor 647 anti-Vβ11 TCR (KT11), PE anti-Vβ4 TCR (KT4), PE anti-Vβ8.1/8.2 TCR (KJ16-133.18), or PE/Cy7 anti-Vβ5.1/5.2 TCR (MR9-4) were used for staining of thymocytes for Vβ repertoire analysis. PE/Cy7 anti-CD4 (GK1.5), FITC-conjugated anti-CD11b (M1/70), anti-CD11c (N418), anti-F4/80 (BM8), anti-NKp46 (29A1.4), anti-Gr-1 (Ly6C/G), and B220 were used for single-cell RNA-seq experiments. PE/Cy7anti-GITR (DTA-1), Pacific Blue anti-Helios (22F6), and PE/Dazzle 594 anti-CD152 were used for staining InsB12-20-labeled FoxP3 + CD4 + T cells. Isotype control IgG was from Biolegend.
For immunofluorescence analyses, the following antibodies were used: Alexa Fluor 488 anti-CD4 (RM4-5) and Alexa Fluor 647 anti-CD8α (53-6.7) were purchased from Biolegend. Anti-SEZ6L2/BSRP-A polyclonal antibodies were purchased from R&D Systems. Cy3 goat anti-sheep IgG polyclonal antibodies were purchased from Jackson ImmunoResearch.
Flow cytometry
Flow cytometry was performed with a LSR Fortessa (BD Biosciences), and data were analyzed using FlowJo software (Tree Star).
Analysis of CD74 expression and H2-DM expression in splenic APCs
Spleens from 7-wk-old male control mice and M98A/M98A mice were treated with the Spleen Dissociation Kit (Miltenyi). Red blood cells were lysed with ACK Lysis Buffer (Life Technologies). Splenocytes were stained with mAbs for surface molecules and then with Zombie UV Viability Dye. Intracellular CD74 and H2-DM were stained using the FoxP3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific). After fixation, cells were stained with anti-CD74 antibody and anti-H2-DM antibody, washed with permeabilization buffer, and stained with FITC-conjugated anti-rat IgG1 secondary antibody.
In vivo T cell proliferation assay Spleens and lymph nodes (cervical, brachial, axillary, inguinal, pancreatic, and mesenteric) were dissected from 5-wk-old male BDC-2.5 TCR Tg mice and dispersed into single-cell suspensions. CD4 T cells were isolated using an EasySep Mouse CD4 + T cell Isolation Kit (STE MCE LL Technologies). CD4 T cells were labeled with CFSE (1 µM) for 3 min at 37°C, and the reaction was then quenched by the addition of RPMI 1640 with 10% fetal calf serum. Cells (3-4 × 10 6 ) were transferred via intravenous injection into 10-wk-old male recipient mice. On day 3, draining pancreatic lymph nodes and mesenteric lymph nodes were dissected, and CFSE dilution by CD4 T cells was analyzed by flow cytometry.
In vitro T cell proliferation assays BM-DCs were generated and used as APCs. Bone marrow cells were collected from femur, tibia, and humerus. After lysis of erythrocytes (ACK lysis buffer from Life Technologies), 10 7 bone marrow cells were cultured in RPMI 1640 supplemented with 10% fetal calf serum, 100 U/ml of penicillin, 100 µg/ml of streptomycin, and 55 µM 2-mercaptoethanol (2-ME) plus 20 ng/ ml of GM-CSF. On day 3, half of the supernatant was replaced using the same media composition. On day 6, bone marrow cells were stimulated with 100 ng/ml of LPS. On day 7, bone marrow cells were harvested and washed twice with PBS. CD11c + I-A g7+ cells were sorted twice using a BD AriaIII cell sorter (final purity >85%) and used in T cell proliferation assays. T cells were collected and stained with CFSE as described above. 5 × 10 4 T cells and 10 4 BM-DCs were cultured in V-bottom 96-well plates in 200 µl of RPMI 1640 supplemented with 10% fetal calf serum, 100 U/ml of penicillin, 100 µg/ml of streptomycin, and 55 µM 2-ME plus titrated numbers of freshly isolated islet cells (272-34,000 cells/well) that were dissociated as described above. On day 3, half of the supernatants were collected for cytokine assays and replaced with the same amount of fresh media. On day 5, cells were analyzed with flow cytometry. In some experiments, 5.7 × 10 5 freshly isolated islet cells were cultured in 300 µl of RPMI 1640 supplemented with 10% fetal calf serum for 24 h, and cells were removed by centrifugation. Supernatant was collected and added to co-cultures of T cells and DCs.
8F10 and 11T3 T cell hybridomas were provided from E.R. Unanue (Mohan et al., 2013) . When T cells or T cell hybridomas were stimulated with 2.5HIP, InsB12-20, and InsB13-21 peptides, T cells or T cell hybridomas were cultured with splenic DCs. Spleens from male control or M98A/M98A mice were treated with the Spleen Dissociation Kit (Miltenyi), and splenic CD11c + cells were enriched using mouse CD11c MicroBeads UltraPure (Miltenyi). CD11c + I-A g7+ cells were sorted by Aria III (purity >93%). T cells or T cell hybridomas and sorted CD11c + I-A g7+ DCs were cultured with titrated amounts of peptides. On day 3, supernatants were collected, and cells were analyzed with flow cytometry. IFN-γ concentrations in culture supernatants were analyzed by mouse IFN-γ ELI SA (Biolegend) according to the manufacturer's instructions. Sequences of peptides were as follows: 2.5HIP DLQ TLA LWS RMD QLA(K-dansyl)-amide, 6.9HIP DLQ TLA LNA ARD PNR(K-dansyl)-amide, InsB12-20 TEG VEA LYL VCG GGS-amide, and InsB13-21 TEG EAL YLV CGE GGS-amide. Peptides were generated by 21st Century Biochemicals.
For experiments with fixed APCs (Fig. 10, A-D) , DCs were fixed with 0.1% paraformaldehyde for 10 min at room temperature and washed three times. CFSE-labeled T cells (2 × 10 5 ) from 8F10 mice or BDC-2.5 TCR Tg mice, or 21.30 T cell hybridomas (specific for HEL) were cultured with 4 × 10 4 fixed DCs with or without 10 µM InsB12-20 peptide, 10 nM 2.5HIP peptide, or 10 µM HEL protein.
On day 3, CFSE dilution by T cells was analyzed with flow cytometry. Activation of 21.30 hybridoma was examined by quantifying IL-2 secretion after 24 h (ELI SA; Biolegend).
For experiments with cycloheximide-treated APCs (Fig. 10 E) , DCs were incubated with 5 µg/ml of cycloheximide (Sigma-Aldrich) for 3 h. 10 nM 2.5HIP peptide was added to the culture, and DCs were incubated for an additional 3 h with rocking for the first 1 h. Cells were washed twice with PBS and fixed with 0.005% glutaraldehyde (Sigma-Aldrich) for 10 s. DCs (10 5 ) were washed three times with RPMI 1640 supplemented with 10% fetal calf serum and cultured with CFSE-labeled CD4 T cells (2 × 10 5 ) from BDC-2.5 TCR Tg mice. On day 3, CFSE dilution by T cells was analyzed by flow cytometry.
Immunization and ELI SPOT
Age-matched male control and M98A/M98A mice (8-12 wk old) were immunized in the hock with 100 µg of HEL protein (Sig-ma-Aldrich) or 100 µg of OVA protein (Sigma-Aldrich). After 8 d, the popliteal lymph nodes were removed. CD4 + T cells were enriched with the EasySep Mouse CD4 + T cell Isolation Kit (STE MCE LL Technologies) according to the manufacturer's instructions. DCs were isolated from spleens by treatment with the Spleen Dissociation Kit (Miltenyi), red blood lysis was done with ACK Lysis Buffer (Life Technologies), and CD11c + cells were enriched with mouse CD11c MicroBeads UltraPure (Miltenyi). CD11c + I-A g7+ cells were then sorted by AriaIII (purity >93%). 10 6 CD4 + T cells were cultured with 8 × 10 4 CD11c + I-A g7+ cells with or without 2.5 µM HEL protein or OVA protein for 18-20 h at 37°C in 5% CO 2 . IFN-γproducing cells were detected with the Mouse IFN-γ ELI SPOT Kit (R&D Systems).
For analysis of T cell responses to defined OVA and HEL epitopes, 9-wk-old NOD mice were immunized with 8 µg of OVA323-339 peptide (Sigma-Aldrich), 9.5 µg of HEL11-27 peptide (AMK RHG LDN YRG YSL GN-amide; 21st Century Biochemicals), or 2.5 nmol 6.9HIP peptide. On day 7, CD4 + T cells were harvested as described above. CD11c + I-A g7+ cells were sorted from control and M98A/M98A mice as described above. 10 6 CD4 + T cells were co-cultured with 9 × 10 4 CD11c + I-A g7+ cells in the presence of titrated concentrations of full-length antigens (OVA and HEL) or synthetic peptides (OVA323-339, HEL11-27, or 6.9HIP) for 18 h at 37°C in 5% CO 2 . IFN-γ-producing cells were detected using the Mouse IFN-γ ELI SPOT Kit (R&D Systems).
Single-cell RNA-seq
InsB12-20 and 6.9HIP tetramer-positive CD4 T cells were sorted into 96-well plates for single-cell RNA-seq analysis. Islets were collected from a total of 30 11-wk-old female NOD mice and divided equally into three groups. Islet cells from 10 mice per group were pooled before T cell isolation. Groups 1 and 2 were used to isolate both InsB12-20 and 6.9HIP tetramer + T cells, while group 3 was used to isolate Ins12-20 tetramer + T cells. Islet cells were labeled with PE-InsB12-20 tetramer and allophycocyanin-6.9HIP tetramer. After tetramer labeling, cells were stained with PE/Cy7 anti-CD4 (GK1.5), FITC-conjugated anti-CD11b (M1/70), anti-CD11c (N418), anti-F4/80 (BM8), anti-NKp46 (29A1.4), anti-Gr-1 (Ly6C/G), and B220 in the presence of 1 U/µl of RNase Inhibitor (Takara), and treated with Zombie Aqua (Biolegend) and Calcein Violet 450 a.m. Viability Dye (eBioscience). FITC-negative, Zombie Aqua-negative, Calcein Violet-positive, CD4 + tetramer-labeled cells were single-cell sorted using a BD Aria III instrument into 96-well plates, with each well containing 5 µl of lysis buffer composed of TCL buffer (QIA GEN) plus 1% 2-ME (Sigma-Aldrich) and 2 U/µl of RNase Inhibitor (Takara). After sorting, plates were spun for 1 min at 3,000 g and frozen at −80°C.
To prepare sequencing libraries, plates were thawed on ice for 1 min and spun down at 2,000 rpm for 1 min. Immediately following this step, RNA lysate was purified using a 2.2× RNA-Clean SPRI bead ratio (Beckman Coulter Genomics) without a final elution step (Shalek et al., 2013) . RNA captured on beads was processed using a modified SMA RT-Seq2 protocol (Picelli et al., 2013) entailing RNA secondary structure denaturation (72°C for 3 min), reverse transcription with Maxima Reverse transcription (Life Technologies), and whole-transcription amplification (WTA) with KAPA HiFi HotStart ReadyMix 2X (Kapa Biosystems) for 22 cycles. WTA products were purified with Ampure XP beads (Beckman Coulter), quantified with a Qubit double-stranded DNA HS Assay Kit (Thermo Fisher Scientific), and quality assessed with a high-sensitivity DNA chip (Agilent). 0.2 ng of purified WTA product was used as input for the Nextera XT DNA Library Preparation Kit (Illumina). Uniquely barcoded libraries were pooled and sequenced with a NextSeq 500 high-output V2 75 cycle kit (Illumina) using 50 and 25 paired end reads.
Sequencing data were processed from raw reads to gene expression matrices as previously described (Haber et al., 2017) . Briefly, sequencing reads were aligned to the UCSC mm10 mouse transcriptome using Bowtie (Langmead et al., 2009) , and gene expression levels (transcripts per million [TPM]) were quantified from these alignments using RSEM (RNA-seq by expectation maximization; Li and Dewey, 2011) . We excluded all cells with fewer than 500 unique genes detected. After this filtering step, 441 cells remained, with a total of 13,561 genes detected across all cells. Gene expression values were then log transformed [log(TPM/10+1)].
To identify cell types and their corresponding gene signatures, we used tools from the Seurat v2.3.1 R package (https:// github .com/ satijalab/ seurat; Butler et al., 2018) . 1,492 highly variable genes were chosen for clustering analyses using Find-VariableGenes, which controls for the relationship between the mean and variance of gene expression. We centered each variable gene's expression using ScaleData and used those values as inputs to principal components analysis with RunPCA. We used the top 20 principal components to carry out graph-based clustering using FindClusters, and for each cluster of cells, we identified differentially expressed genes using the Wilcoxon rank-sum test implemented in FindMarkers. These differentially expressed genes were combined with known cell marker genes to annotate the cell type represented by each cluster. Finally, we visualized the clustering results in two dimensions by building a t-distributed stochastic neighborhood embedding (tSNE) plot constructed from the top 20 principal components with RunTSNE.
The sequencing data shown in this paper are available in GEO under data repository accession no. GSE118322.
Statistical analysis
Statistical calculations were performed using the Prism graphing software (GraphPad Software). For comparison of kinetics of diabetes development, the Gehan-Breslow-Wilcoxon test was used because the diabetes does not develop at the same time point in all mice. Other data were analyzed using the Mann-Whitney test. A P value of <0.05 was considered to be statistically significant. Statistical analysis was performed on all data points; only technical failures were excluded. No data points were excluded on the basis of being outliers.
Online supplemental material Table S1 shows a summary of potential off-target regions of CRI SPR/Cas9 targeting with the Cd74 gRNA. Fig. S1 shows the absence of off-target mutations for chromosome 10 position 30016614, Tpp2 gene, Hist1h2be gene, and Mug1 gene. Fig. S2 shows confocal microscopy images of islets with different de-grees of T cell infiltration. Fig. S3 shows Ki67 labeling of β cell-specific T reg cells in islets from NOD mice and data from single-cell RNA-seq analysis of tetramer-labeled T cells. Fig. S4 shows normal thymic differentiation of β cell antigen-reactive CD4 + T cells in M98A/M98A mice.
